A new empirical model of the electron fluxes and ion fluxes at geosynchronous orbit (GEO) is introduced, based on observations by Los Alamos National Laboratory (LANL) satellites. The model provides flux predictions in the energy range ~1 eV to ~40 keV, as a function of local-time, energy, and the strength of the solar-wind electric field (the negative product of the solar wind speed and the zcomponent of the magnetic field). Given appropriate upstream solar-wind measurements, the model provides a forecast of the fluxes at GEO with a ~1 hour lead time. Model predictions are tested against in-sample observations from LANL satellites, and also against out-of-sample observations from the CEASE-II detector on the AMC-12 satellite. The model does not reproduce all structure seen in the observations. However, for the intervals studied here (quiet and storm times) the Normalized-RootMean-Squared-Deviation (NRMSD) <~0.3. It is intended that the model will improve forecasting of the spacecraft environment at GEO and also provide improved boundary/input conditions for physical models of the magnetosphere.
Introduction
Geosynchronous orbit (GEO), at a radial distance of 6.6 R E (Earth radii), is one of the most popular locations for communications, scientific, and military satellites (see Figure 1) . This is primarily due to the fact that satellites located in this orbit have an orbital period of 24 hours, allowing them to remain at the same geographic longitude above the Earth during their operational lifetime. Predictions of the plasma environment encountered by satellites at GEO [Purvis et al., 1984; O'Brien and Lemon, 2007; Thomsen et al., 2007; Sicard-Piet et al., 2008; O'Brien, 2009; Ginet et al., 2014; Hartley et al., 2014; Ganushkina et al., 2013; 2014; Denton et al., 2015] provide spacecraft designers and operators with estimates of the plasma conditions (e.g. the ion flux and the electron flux) that satellite hardware will be subjected to on orbit. If such predictions are based on upstream solar-wind conditions (e.g. measured by the ACE satellite or the DSCOVR satellite situated in Lissajous orbits at the L1 Lagrangian point between the Earth and the Sun) then this allows a lead time of around one hour from the flux predictions being made to when such fluxes may be encountered. Since elevated fluxes are generally considered a hazard for satellites, a lead time of around one hour can be used to potentially take remedial action with the intention of mitigating damaging effects upon the satellite hardware.
Understanding the environment at GEO is one scientific topic where the operational community and the scientific community both invest significant effort and where each communities priorities may be aligned [O'Brien et al., 2013] .
In addition to the hardware-related uses of electron and ion flux predictions, a variety of scientific This article is protected by copyright. All rights reserved. models of the inner magnetosphere also use fluxes at GEO as their outer boundary conditions (e.g. Jordanova et al. [1998; 2003] , Zaharia et al. [2005; , Katus et al. [2014] ). Hence, development of improved predictions of the fluxes at GEO has the potential to benefit both the scientific and operational communities.
In a recent study we introduced a new model of the ion and electron fluxes at GEO in the energy range ~1 eV to ~40 keV as a function of local time, geomagnetic activity, and solar-activity [Denton et al., 2015] . The model is based on observations made between 1989 and 2007 by seven Los Alamos National Laboratory (LANL) satellites based at GEO. Magnetospheric Plasma Analyzer (MPA) instruments (electro-static analyzers) onboard the satellites measure both the electron and the ion energy-per-charge distributions between ~1 eV/q and ~40 eV/q [Bame et al., 1989; Thomsen et al., 1999] . In brief, each point in the entire MPA dataset (over 80 satellite-years of data) was allocated to the appropriate bin based on an array of 40 energies (equally spaced logarithmically between 1 eV and 40 eV), 24 local-times, and 28 discrete values of the Kp index [Bartels et al., 1939; Thomsen, 2004] , for both ions and electrons. Solar activity variations were included in the model by carrying out the above binning for four ranges of the F10.7 index (all F10.7, F10.7 < 100, 100 <F10.7 < 170, and F10.7 > 170) . Statistical averaging for each grid allowed the mean, median, and standard deviation for each bin to be calculated whilst bi-linear interpolation allowed flux predictions to be made for any chosen input values. The model also returned predictions of the 5th, 25th, 75th, and 95th percentiles of the flux values for any chosen combination of input values. Hence, in the published version of the original This article is protected by copyright. All rights reserved. model, the user can input a particular energy, local time, and value of the Kp index, and the model will return a prediction of the electron flux and the ion flux to be encountered at GEO for the chosen energy, chosen local time, and chosen Kp index, at four different levels of solar activity [Denton et al., 2015] .
The bulk morphology of the electrons and ions at GEO, in the energy range sampled by LANL/MPA, has previously been shown to be well-correlated with the level of magnetospheric convection [Korth et al., 1999; Denton et al., 2005; Lavraud et al., 2005] . And since the Kp index, with a 3 hour cadence, is a very good proxy for this magnetospheric convection [Thomsen, 2004] , then the original model predicted fluxes that were in reasonably good agreement with observations. However, two disadvantages arise from use of the Kp index, with particular regard to predictions. Firstly, the K index (from which Kp is derived) is an Earth-based index, constructed from magnetometer measurements of the horizontal component of the terrestrial magnetic field. Hence, estimates of flux at Earth (geosynchronous orbit), based on the Kp index, are only available on an instantaneous basis (i.e. a 'nowcast'), rather than being true advance predictions (i.e. a 'forecast'). Secondly, the fluxes at GEO are regularly observed to fluctuate much more rapidly than three-hour time cadence of the Kp index, typically in response to dynamic changes in the solar wind with timescales much less than one hour in duration. Thus, our desire for a new and improved predictive model is driven by the following criteria:
(i) that the new model should be driven by some set of parameters that are regularly measured in the solar wind, upstream of the Earth, and thus provide at least a one-hour time interval between prediction This article is protected by copyright. All rights reserved.
of the fluxes and arrival of the fluxes at GEO, (ii) that the activity parameters should be capable of a time cadence of at least one hour, and preferably as short as one minute, and (iii) that the new model produce flux predictions that are, in the majority of cases, comparable with, or better than, the previous version of the model. As outlined below, the results summarized in this study indicate that we have largely achieved our intended aims by parameterizing the new model with the measured value of the solar-wind electric field at the L1 point. The developmental methodology used in formulating the new model is outlined in detail in Section 2, comparisons between model predictions and in-situ observations of fluxes are made, along with goodness-of-fit calculations, in Section 3, and a discussion of the strengths and weaknesses of the current model, and a summary, are provided in Section 4.
Model Methodology
The methodology followed in generating a new model of the fluxes at GEO is very similar to that used in the previous model, and described in detail in Denton et al. [2015] . The dataset for the model comprises ~82 satellite-years of electron and ion observations made between 1989 and 2007 by the LANL/MPA instruments flown on seven satellites at GEO. All flux measurements during this period are utilized when concurrent solar-wind measurements are available in the OMNI2 database [King and Papitashvili, 2005] . Periods when individual satellites are outside the magnetopause (usually during extremely high solar-wind pressure events) are excluded from the binning. One difference between this study and the previous Denton et al. [2015] study is that here we do not remove periods of exceptionally high spacecraft surface charging. The methodology to correct the particle energies This article is protected by copyright. All rights reserved.
resulting from the charging (due to acceleration towards the spacecraft, or repulsion away from the spacecraft), is considered robust .
In brief, all available flux values (for electrons and ions) are binned into one-hour width bins in local time, 40 logarithmically spaced bins in energy (from 1 eV to 40 keV), and 32 equal-width bins inv sw B z (from -8000 to +8000 µV m -1 ). This binning yields a set of three-dimensional data-cubes that contain the mean, standard-deviation, and the 5 th , 25 th , 50 th , 75 th , and 95 th percentiles of all data contributing to each bin (see Figure 3 ). In order to provide the average conditions at any local-time, µV m -1 . It is generally accepted that, as with the Kp index, the solar-wind electric field is reasonably well-correlated with activity in the magnetosphere, although the detailed micro-physics that control the coupling are beyond the scope of this paper (see Newell et al. [2007] ; Borovsky [2013; 2014] ;
McPherron et al. [2015] for further discussions on this topic).
Although it is planned to evaluate more advanced coupling functions in future, use of the -v sw B z
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parameter has the advantage of being well-known in the science and operational community, easily computed, and widely available over the duration of the LANL/MPA dataset. In addition, this parameter will be available in future via the continued operation of the ACE and DSCOVR satellites.
Solar wind data, propagated to the magnetopause, are taken from the high-resolution OMNI2 database [King and Papitashvili, 2005] This article is protected by copyright. All rights reserved.
model [Denton et al., 2015] . Thus, we expect an increase in the prediction accuracy of the new model as a result. 
Comparison of Model Predictions with Observations
In comparing observations with model predictions the aim is to evaluate both the general level of prediction ability of the model (goodness-of-fit), and also the incident solar-wind conditions for which the model predictions may be more, or less, accurate. Here, model predictions are compared against two different sets of observations -those provided by the LANL/MPA instruments themselves and those from the independent CEASE-II instrument [Dichter et al., 1998 ] onboard the AMC-12 satellite, also located at GEO. The root-mean-squared deviation (RMSD) and the normalized root-meansquared deviation (NRMSD) between the measured fluxes and the model predictions are calculated via the equation
where n is the number of data points over the range of the comparison and x is the mean value of x over this range. Both NRMSD and RMSD are calculated in order to provide metrics with which to quantify the model accuracy (cf. Legates and McCabe Jr., 1999; Ganushkina et al., 2015) although a wide spectrum of other metrics may be used when comparing models to data [Koh et al., 2012] , each with particular strengths and weaknesses. There are no universally accepted metrics for what
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Comparison with independent AMC-12/CEASE-II observations
As in evaluation of the previous model, in order to provide independent testing of the model veracity (at least for the electron observations) we carry out a comparison of model predictions with electron flux observations from the CEASE-II sensor onboard the AMC-12 satellite at GEO. This comparison is made for DOY 180 during 2013, a particularly disturbed period during a geomagnetic storm where
Kp reached a maximum ~6 and the Dst index reached a maximum excursion ~-100 at the start of the day. As was previously noted [Denton et al., 2015] there is a semi-constant offset between CEASE-II fluxes and MPA model predictions and hence to account for this difference we multiply the CEASE-II fluxes by a factor of ~15 at all times. Since no cross-calibration between the MPA and CEASE-II instruments took place prior to launch, this adjustment is akin to on-orbit cross-calibration of the fluxes. Note: for future comparison of model fluxes with measured fluxes from different satellites it would be necessary to evaluate the need for use of an appropriate cross-calibration factor. This article is protected by copyright. All rights reserved.
advance, given upstream solar wind measurements of the speed and z-component of the magnetic field.
Spacecraft surface charging on LANL/MPA
Along with the electron and ion fluxes, the MPA instruments also measure the electrostatic surface potential on the LANL spacecraft, relative to the ambient plasma . Depending on their individual design and construction details, spacecraft can charge positive or negative [DeForest, 1972; Garrett, 1981; Farthing et al., 1982; Lanzerotti et al. 1998; Thomsen et al. 2013] . In the case of the LANL satellites, the greatest level of charging occurs during hours of eclipse when the surface potential can reach 1000s Volts (negative) with respect to the ambient plasma. Such elevated charging can be detected by the observation of an ion-line in the ion flux measurements. This occurs due to positive particles that are accelerated towards the spacecraft by the negative charge on the spacecraft. An example of such an ion-line can be seen between ~18-22 UT in the ion flux observations in Figure 7 .
Since the MPA instruments regularly measure the spacecraft charging, it is straight-forward to extend the current flux model to include predictions of spacecraft charging, via similar methodology as that used for the fluxes. Although each spacecraft charges differently depending on its construction, the environmental conditions that give rise to dangerous levels of surface charging on one satellite are likely to pose a danger to other satellites passing through the region. Figure 9 shows the mean measured (negative) surface potential from all seven LANL satellites, in the same format as that used to calculate the flux distributions (as a function of -v sw B z ) shown in Figure 3 . It is clear from Figure 9 that the most severe surface charging of the LANL satellites occurs during southwards IMF-B z and at spatial locations around local midnight. Charging is greatly reduced during periods of positive IMF-B z . (cf. plots of spacecraft charging from LANL/MPA as a function of Kp, Dst, and v sw given in Denton and Borovsky [2012] ). The model predicts the level of surface charging on the LANL satellites by carrying out a bi-linear interpolation between the mean surface charging levels in the appropriate bins in Figure 9 , based on the prevailing solar-wind conditions and the satellite local time. In this respect the model predictions of surface charging are calculated similarly to the model fluxes. It is planned that this predictive capability of model will be further developed in future versions.
Discussion and Summary
The ultimate goal of much "space weather" research is to accurately predict the conditions to be encountered by orbital hardware systems as far in advance as possible. Of course, it is nigh-on impossible for 100% accurate predictions to ever be achieved. However, by carrying out the work outlined above, we aimed to achieve quantitative predictions that allow hardware operators and scientific modelers the ability to predict fluxes in advance given knowledge of upstream solar wind parameters. The absolute flux values (Figures 5 and 6 ), and the flux spectra (Figures 7 and 8 This article is protected by copyright. All rights reserved.
(http://www.swpc.noaa.gov/).
With a view to potential changes that could improve future flux forecasts, it is important to be guided by knowledge of the physics of the inner magnetosphere. The current model, and the previous version, considered neither the time-history of the magnetosphere at the time of the predictions, or the explicit transport times for plasma to migrate from the solar wind to the various locations around GEO. Drift times are energy dependent, and also dependent on the local convection strength. Such potentially non-linear effects can be estimated but are not known without complex particle tracing calculations. [2009] estimated transport timescales from the solar wind to various locations around GEO with timescales being of the order of 0 h to 17.5 h. In addition, Lavraud et al. [2006] demonstrated the importance of the time-history of the system with respect to plasma conditions at GEO by examining the build up of cold, dense plasma during extended periods of northwards IMF.
Denton and Borovsky
Our aim is to explore inclusion of both of these effects in future versions of the model.
With regard to operational uses of the model, Thomsen et al. [2013] demonstrated that satellite surface charging is strongly correlated with periods when the electron flux at energies between 5-10 keV exceeds a particular threshold. That study found that satellite surface charging was most likely to occur during intervals when the electron flux at 8 keV exceeded a flux threshold of 1. This article is protected by copyright. All rights reserved. 
